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PREFACE 
The dynamic coefficient of friction between polyester 
and an aluminum roller, and polypropylene and an aluminum 
roller was determined. The alr fllm that develops between a 
web and roller prevented the use of any exlstlng coefficient 
of friction measuring device. Therefore a measuring device 
was developed that does include the effects of alr 
entrainment between the web and roller. 
Each web was tested agalnst the aluminum roller at 
var 1 ous web ve lac it le s. web tens ions, and wrap angles. The 
measuring dev lee produced excellent results and any further 
research looks promising. 
I would like to thank Dr. James K. Good for providing an 
lnterestlng and useful research project. Hls assistance and 
encouragement throughout the study 1 s a 1 so apprec 1 a ted. I 
would also like to thank Mlke Jackson for any assistance and 
support ln the construction of the measuring device. 
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CHAPTER I 
INTRODUCTION 
The dynamic coefficient of friction is a means of 
classifying materials in terms of the ease in which they will 
slide over each other. The coefficient is defined as the 
ratio of the sliding friction force to the normal force 
exerted between the two bodies. 
The slidlng frlction force is the force required to 
maintain the relative velocity between the two bodies. The 
sliding friction 1s considered to be independent of the 
contact area under moderate pressures and independent of the 
rubbing velocity at low velocities. The friction also 
decreases as the velocity increases. Studies have shown that 
the coefficient of friction is sensitive to many variables. 
Some of these variables are surface finish, temperature, 
surface contamination, and geometry. 
The importance of knowing the dynamic coefficient of 
friction can be found in web-handling. As a web passes over 
a roller an air film develops between the two. If the air 
pressure between the web and the roller is great enough the 
web will be lifted off of the roller. The floating of the 
web makes 1t harder to control. A slight disturbance such as 
a draft of air may cause the web to wander and wrinkle. In 
industry today with webs being made wider and run at higher 
1 
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velocities, it is useful to know the dynamic coefficient of 
frlct1on(with the effects of air entrainment) of materials 
and the variables which may induce the air entrainment. 
Knowing the coefficient of friction will help optimize the 
web-handling process. 
J 
Literature Survey 
Measuring Devices 
Several methods for determining the dynamic(kinetlc) 
coefficient of friction between two surfaces were found in 
the literature survey. These methods range from having a 
sled sliding on a plane to a pendulum system. But, none of 
the methods found deal specifically with measuring the 
coefficient of friction between a roll and a web with the 
effects of air entrainment. 
ASTM[10] has a standard test method for determining the 
kinetic coefficient of friction of plastic film and sheeting. 
The apparatus(Figure 1) consists of a sled, a plane, and a 
force measuring device. The test specimens are attached to 
the bottom of the sled and to the top of the plane. The sled 
is pulled over the plane while the plane 1 s held stationary 
or the plane is moved while the sled ls held stationary. The 
force that 1s required to maintain the constant relative 
ve lac it y between the sled and the plane 1 s then recordeci. 
The coefficient of friction is then calculated as the ratio 
of the measured force to the weight of the sled. 
The sled is a metal block 2.5 in. by 2.5 in. and .25 ln. 
th 1 ck w 1 th an eye screw so that the force measuring dev 1 ce 
can be attached. The plane is 6 in. by 12 ln. and .040 in. 
thick. 
sheet. 
It is made of polished plastic, wood, or a metal 
The plane is covered with a piece of glass to provide 
a smooth contact surface for the sled. The force-measuring 
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device may be a spring gage, universal testing machine, or a 
strain gage. The drive speed is set at 0.5 ft./min. with a 
tolerance of 0.1 ft/min. A sheeting specimen is defined as 
having a nominal thickness of greater than 0.254 mm and a 
film is defined as being less than 0.254 mm thick. New test 
specimens are installed for each test run. 
ASTM[9] has another test method for measuring the 
kinetic coefficient of friction of plastic solids and 
sheeting. This test is divided into two procedures, one for 
the determination of variable-velocity coefficients and 
another for determining the coefficient at a constant 
velocity but over an extended period of time. The second 
procedure shows the effect of wear and temperature on the 
coefficient of friction. The measuring device used ls a 
variable speed fr i ct i onometer(F igure 2). The fr i ct i onometer 
has a rotating drum and a pivot arm where the test specimens 
are attached. The pi vat arm can be adjusted so that the 
normal force(N) between the drum and the pivot arm can be 
varied. The pivot arm is attached to a pendulum which is 
allowed to rotate as the tangential frictional force(F) 
changes. A pointer on the pendulum indicates how many 
degrees(e) the pendulum has rotated. The coefficient of 
friction then varies as a function of theta. Taking moments 
about the center of rotation of the drum shows the frictional 
force to be 
where 
F=Wd/R 
d=csin(e) 
(1.1) 
(1. 2) 
B A 
"------- ----- -~- .... 
I ' I I 
,_!_ __ -------- -~ 
0 
A. Sled 
B. Plane 
C. Strain gage 
D. Constant Driver 
Figure 1. One method of assembly of apparatus for 
determination of kinetic coefficient 
of friction without effects of air 
entrainment. 
~·-~ x A 
A. Spring applied torque for adjusting 
the normal force 
B. Axis of rotation 
C. Pendulum 
D. Drum 
E. Pivot arm 
Figure 2. Fr1ct1onometer. 
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Then substituting (1.2) into (1.1) gives the frictional force 
as a function of theta. 
F=Wcsin(e)/d (1. 3) 
-
Schenck[7] describes another type of pendulum apparatus 
for de term 1 n i ng the kinetic coefficient of fr let ion between 
two test specimens. The apparatus(Figure 3) consists of a 
lightweight aluminum rod and a constant-force pendulum head. 
The constant-force is accompli shed by having a pressurized 
air chamber within the pendulum head. The test specimens are 
attached to the pendulum head and to the surface of the 
floor. When the pendulum is released from position 1, it 
only reaches position 4 due to the frictional losses in the 
apparatus. If the pendulum were lowered and allowed to 
interfere with the surface then the pendulum would only reach 
position 3 because of the frictional loss. The work done by 
this frictional loss is 
(1.4) 
and the loss in potential energy is 
(1.5) 
Equating (1.4) and (1.5) yields 
(1. 6) 
Variables Influencing Air Entrainment 
Daly[2] discusses the traction of webs with various 
permeabilities passing over a roll as a function of speed. 
He found that webs with a high permeability had more traction 
at a given speed than. non-permeable webs. As a web passes 
,... ! 
f--t"'..::.o~~·f:...::•o~n:,_1:....., ______ ~:...:::--- "'os•~nS ----l)1i 
Amounf of 
1nterf1!rence ....,_j 
l"o51ticn 3 
/ 
/ 
Rel~rence line 
(road surface) 
_ __,ct,___._ Length of 
b int!rf!rence a 
I I 
I 
I 
Figure 3. Pendulum apparatus for determining the 
kinetic coefficient of friction without 
effects of air entrainment. 
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over a roll a certain amount of air builds up between the two 
and causes them to separate. In permeable webs there is less 
build up of air because the air can pass more easily through 
the web than in non-permeable webs. Higher speeds also 
contribute to the webs reduced tract ion. It was a 1 so shown 
that a greater wrap angle allows the air more time to leak 
from between the roll and the web, thereby reducing the 
float 1 ng effect of non-permeable webs. The float 1 ng effect 
is less ev !dent 1 n the permeable webs as the wrap angle 
increases. An air film also occurred more readily between 
non-permeable webs and the roll as the roll diameter 
increased. The larger roll diameter makes a larger surface 
area for the alr pressure to act against, therefore less air 
pressure is needed to lift the web. 
Problem Statement 
The following study will determine the dynamic 
coefficient of friction with the effects of air entrainment 
that occurs between a web and a roller. 
Approach to the Problem 
The dynamic coefficient of friction will be measured 
using a web-handling machine that has all of the necessary 
modifications needed for the test procedure. Polyester and 
polypropylene will be tested against an aluminum roller. 
The coefficient of friction will be. studied as a 
function of variables that may influence the air entrainment. 
9 
These variables being the web velocity, wrap angle, and web · 
tension. 
Organization 
The remainder of the study will contain the following. 
The experimental test procedure and the instrumentation used 
ln the test are described ln Chapter II. Chapter III 
contains the experimental results, and the conclusions are in 
Chapter IV. 
CHAPTER II 
EXPERIMENTAL PROCEDURE 
The measuring device was developed on the basis of an 
equation which is referred to by various names depending on 
the application. Some of the applications being a braking 
device where a band ts wrapped around a drum, or a belt and 
pulley system. In these two cases a coefficient of friction 
is known and an unknown tension is found. In this study the 
tensions will be measured in order to calculate the 
coefficient of friction. 
Band Brake Equation 
The forces acting on a segment of the web are shown in 
Figure 4. The forces in the z-directlon are assumed 
constant, so that the normal force between the web and roll 
ls the same along the width. This is a good assumotlon since 
the tension in the web is distributed evenly. 
Summing forces in the y-direction gives 
CT+dT)sin(de/2)+Tsin(de/2)-dN+rw2 dm=O' (2.1) 
The force due to the acceleration directed towards the center 
of the roller is neglig1ble,and Equation (2.1) reduces to 
CT+dT)sin(da/2)+Tsin(da/2)-dN=O~ (2.1a) 
and summing forces 1n the x-direct1on yields 
CT+dT)cos(de/2)-Tcos(de/2)-F=O (2.2) 
10 
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~X 
Figure 4. Forces Acting on a Web Segment 
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where F=).l ... dN 
Substituting (2.2) into (2.1a) thereby eliminating dN yields 
(cos(de/2))dT-2pkTsin(de/2)-).lk(sin(de/2)dT=O 
Then for small angles 
cos(de/2)=1 
sin(de/2)=de/2 
Now substituting (2.4) and (2.5) into (2.3) gives 
dT=p ... Tde+(l/2)dTde 
Then ignoring dTde because it is very small yields 
dT=p ... Tde 
:r:l ./J fc 1/T)dT=p ... fde 
1i 0 
T:z/Tl=~K8 
(2.3) 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
Summing moments about the center of the roller gl ves the 
tension and torque relationship. 
'I'=rCT2-T1) (2.8) 
Then substituting (2.8) into (2.7) and solving for the 
coefficient of friction gives 
(2.9) 
Then by experimentally measuring the torque(lf), the 
tens1onCT2), and by measuring the wrap angle(~) and the 
roller radius(r), the coefficient of friction can be 
determined. 
Description of Measurino Device 
The measuring device is a continuous loop web handling 
machine capable of running up to 1000 fpm. The drive motor 
provides adequate torque to maintain a constant web velocity 
during testing. A simplified schematic is shown in Figure 6 
J, 
to 
Pr~ssure 
Regulator 
0 
Figure ). 
0 0 
1. Tranaducar(2) for tenaton(Ts) aeaaureaant. 
2. Air cyl1nder(2) for web tana1on1ng. 
J. Vrap angle adjuataent. 
4. Tranaducer for torque aeaauraaent. 
~. Brake caliper aount. 
6. Brake diak attached to live ahaft of roller 
to be te .. ted. 
Experimental Apparatus 
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DRIVE ...,...---.. 
ROLLER 
WEB Tr<AVEL 
~ 
B,igure 6. lve b and Roller Configuration 
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and a more detailed schematic is shown in Figure 5. The 
machine also has the following features necessary for the 
experimental measurements. 
1. Roller 2 is the roller that is to be tested against 
the web. The roller has a live shaft in which a pneumatic 
brake is attached. The brake is controlled by a pressure 
regulator. The brake is used to slow the roller just enough, 
so that slippage occurs between the roller and the web. 
Slippage occurs when the tangential surface velocity of the 
roller is less than the web velocity. The roller velocity is 
measured by a sma 11 direct current motor wh 1 ch 1 s attached 
directly to the end of the shaft. The motor is connected to 
a volt meter and the output is calibrated by a multiturn 
potentiometer, so that it reads out in feet per minute. At 
the point in which slippage occurs, it is necessary to know 
the torque that was needed to slow the roller. By attaching 
a force transducer to the brake caliper, the tangential force 
caused by the brake can be measured. Then by knowing the 
length of the moment arm between the caliper and the shaft, 
the torque ls known. The transducer ls connected to a strain 
indicator and is calibrated to read out in in-lbs. 
The actual torque(T) necessary to cause slippage is the 
bearing torque(Te) plus the applied brake torque(T~p). 
T='I'e+T..,.P (2.10) 
A relationship for the bearing torque is shown in the next 
section. 
2. Roller 1 can be moved up and down in its slotted 
16 
track, so that the wrap angle around the test roller 2 can be 
adjusted from 145 to 180 degrees. 
3. Roller 5 is attached to the dancer, which is a 
sliding mechanism that allows the web tension to be adjusted. 
The adjustment is made by the two air cylinders that are 
controlled by pressure regulators. A force transducer is 
mounted to each air cylinder rod which directly measures the 
web tensionCT2). The transducers are connected to stra 1 n 
indicators which are calibrated to read out in pounds of 
tension. 
4. Roller 9 is the drive roller, 1t has a special 
covering that prevents 
web. When the back 
slipping between the 
torque is applied at 
roller and 
roller 2 
the 
the 
downstream web tens ionCT2) increases and the upstream web 
tensionCT1) decreases. The web tension between rollers 
2,3,4,5,6,7,8,and 9, which represents the downstream tension, 
are equal and the tension between rollers 2,1,15,14,13,12,11, 
10, and 9, which represents the upstream tension, are equal 
provided that the web does not slip on the drive roller. In 
reality, the web tensions around the upstream rollers are not 
quite equal and the web tensions around the downstream 
rollers are not equal. There are small tension losses around 
each roller, but the losses are negligible compared to the 
magnitude of the tension levels that will be measured. 
According to Reynolds[6] the tensions will not be equal for 
elastlc materials. The tension in the web around the roll 1s 
proportional to the stretching of the web, with the 
17 
proportionality constant being dependent on the 
cross-sectional area of the web and its material properties. 
Determination of the Bearing Torgue 
The bearing torque can be determined by 
'I' •= I ::z:o: o< (2.11) 
where I::zz is the mass moment of inertia of the roller about 
the z-axis(Figure 7) and o< 1s the angular acceleration of the 
roller about the z-axis. 
The angular acceleration was determined by connecting a 
chart recorder to the output of the d.c. motor that is used 
to measure the roller velocity. The roller is then set 
spinning and the velocity 1s recorded as a function of time 
as shown in Figure 8. The velocity curve was then 
curve-fitted to a third degree polynomial. 
V=16.6722-.9586t+.0081721t 2 +.00017361t 3 
where V is ln ft/s and t ls ln seconds. 
(2' 12) 
The velocity equation was then differentiated to get the 
tangential surface acceleration. 
a=dV/dt=-.9586+.0163t+.00052083t 2 
where a ls ln ft/s 2 and t is in seconds. 
The angular acceleration is then 
o< =a/r=-4. 4242+. 0754t+. 0024t 2 
where c<is ln rad/s 2 and t 1s in seconds. 
(2.13) 
(2.14) 
The roller consists of two aluminum end plates, an 
aluminum cylinder, and a steel shaft as shown ln Figure 1. 
The mass moment of inertia of the roller 1s 
18 
r,•.75 1n 1,•37 1n 
r:a•2.2 1n l:a•.75 1n 
r:s•2.45 1n 
w,•.282 lb/1n 3 
W:a•.098 lb/1n 3 
w:s•.Q98 lb/1n'-
Figure 7. Roller Component Dimensions 
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Decrease in Roller Velocity liith Time Due to Bearing Friction 
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TABLE I 
BEARING TORQUE 
t Vel 'I' a 
(sec) (fpm) (ln-lb) 
o.o 1000 .196 
1.0 950 .193 
2.0 900 .189 
2.6 850 .187 
3.6 800 .183 
4.6 750 .178 
5.4 700 .175 
6.4 650 .170 
7.4 600 .166 
8.5 550 .160 
9.6 500 .154 
10.6 450 .149 
12.0 400 .141 
13.2 350 .133 
14.6 300 .125 
16.0 250 .115 
17.8 200 .103 
19.4 150 .091 
21.4 100 .076 
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Figure 9. Bearing Torque as a Function of Velocity 
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where (2.16) 
(2.17) 
(2.18) 
substituting (2.16),(2.17),and (2.18) into (2.15) yields 
Ixx=C1/2)IT(l/386)[w~cr~2-r22 ) 2 1~+2w3(r22 -rl 2 ) 2 12+ 
w1r1 4 l1j (2.19) 
Then substituting the necessary values into Equation (2.19) 
shows the moment of inertia to be 
Izz=.04432 in-lb-s2 
and the bearing torque is calculated with Equation (2.11). 
The bearing torque values are found in Table I and Figure 9. 
Exoerimental Measurement 
Be fore any measurements are taken, the instruments are 
allowed to warm-up to reduce any drift. Then the instruments 
are checked for calibration. Then referring to Figures 5,6, 
and 10, the measurements are performed as follows. 
l. The desired web tension is set. 
2. The web velocity is then set. The roller velocity 
is compared with the web velocity to make sure that slippage 
between the web and roller is not already occurring. 
3. The torque('I'll» ... ) to the test roller is gradually 
increased until the roller velocity drops below the web 
velocity. Slippage is now occurr 1 ng and the torque and 
tens1onCT2) is recorded. 
4. Steps 1 thru 3 are repeated for different web 
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velocities, web tensions, wrap angles, and webs. 
5. The torque('!') is calculated by Equation (2. 10) and 
the coefficient of friction is calculated using Equation 
(2.9). 
1. Pr~saure r~gul~tor control valvea and ~reasure 
gauges to air cyllnd~ra 
2. Pressure regulator control valva and prea•ura 
gauge to pneumatic brake 
3. Strain Indicators calibrated to 1/10 of a pound 
for aeaaurlng w~b ten~lon(T3) 
~. Strain Indicator calibrated to 1/10 of an 
Inch-pound for measuring torque 
5. Valtaeter calibrated to aeaaure roller velocity 
In feet per alnute 
0 
1 1 2 
0 ~ Q 
0 0 
0 0 0 0 
4 
0 
0 0 0 0 
5 
00 
3 
0 
0 
000 
0000 oo 00 0000 0000 
Figure 10. Instrument Control P.anel 
CHAPTER III 
EXPERIMENTAL RESULTS 
The coefficient of friction measurements for polyester 
on aluminum and polypropylene on aluminum were completed and 
successful. An attempt was made to measure the coefficient 
of friction of paper on aluminum, but a high enough web 
velocity could not be obtained to show any significant 
results. Polyester with a 6 tn. width and .0005 ln. 
thi ck.ne s s was also tr ted, but the wr i nk.li ng of the th 1 n web 
made it difficult to run the web much more than a minute. 
An attempt was also made to measure the coefficient of 
fr tct 1 on between polyester and cork., and po 1 ypropylene and 
cork., but the coefficient of friction on the cork. test roller 
turned out to be higher than the coefficient of frtct1on 
between the web and the drive roller. Therefore during the 
test procedure the web slipped on the drive roller when the 
back. torque was applied to the test roller. 
The bearing torque turned out to be a sizeable portion 
of the total torque at high velocities. Table IX shows the 
percent error to be as much as 22% at 1000 fpm lf the bearing 
torque ts not included. 
A repeatability test was done for the polyester on 
aluminum with the results shown in Table VIII and Figure 29. 
The standard deviation was the greatest at the lower 
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velocities. A standard deviation of .0047 with a mean value 
of .0613 was found at a velocity of 150 fpm. 
The data shown in Figures 
that the coefficient of friction 
decreases as velocity increases. 
the coefficient of friction is 
11,12,13,20,21,and 22 show 
increases with tension and 
The figures also show that 
more sensitive to velocity 
changes at lower velocities than at high velocities. 
The data shown in Figures 14,15,16,23,24,and 25 show 
that the coefficient of friction increases wlth an increase 
in wrap angle and is also more sensitive to velocity changes 
at lower velocities than at high velocities. 
The data shown in Figures 17,18,19,26,and 28 show that 
the coefficient of friction is more sensitive to changes in 
tension at lower velocities, whereas in Figure 27 this is not 
quite as clear. 
Table X. 
A summary of the results can be found ln 
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TABLE II 
COEFFICIENT OF FRICTION OF POLYESTER ON 
ALUMINUM WITH 180 DEGREE WRAP ANGLE 
VEL: T=l. 11 lb/1n T=1.67 lb/1n !=2.22 lb/1n 
lTorq. T.:a Jl~~ Torq. T.:a }J .... Torq. T.:a ]J .... 
FPM: 1n-lb lb 1n-lb lb 1n-lb lb 
100 4.28 10.2 .060 10.88 16.0 .103 19.28 21.6 .144 
150 2.79 10.2 .038 6.89 15.6 .063 13.79 21.2 .098 
200 2.10 10.1 .028 5.10 15.4 .046 10.60 20.9 .074 
250 1. 22 10.1 .016 4.22 15.4 .038 7.72 20.5 .053 
300 .83 10.0 .011 3.23 15.2 .029 6.73 20.5 .046 
350 .63 10.0 .008 2.93 15.2 .026 5.43 20.4 .037 
400 2.34 15.1 .021 4.54 20.4 .030 
450 1. 75 15.1 .015 3.85 20.3 .026 
500 1. 25 15.0 .011 3.25 20.3 .022 
550 .76 15.0 .007 3.06 20.2 .020 
600 2.67 20.1 .018 
650 2.27 20.1 .015 
700 2.38 20.1 .016 
750 1. 58 20.0 .010 
800 1. 68 20.0 .011 
850 1. 69 20.0 .011 
900 1. 49 20.0 .010 
950 1. 59 20.0 .010 
1000 1. 30 20.0 .009 
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TABLE III 
COEFFICIENT OF FRICTION OF POLYESTER ON 
ALUMINUM WITH 160 DEGREE WRAP ANGLE 
VEL I T=1.11 lb/1n T=-1.67 lb/1n T=2.22 lb/1n 
lTorq. T2 }Jh Torq. T2 J.h ... Torq. T2 P~· 
FPM l1n-lb lb 1n-lb lb 1n-lb lb 
100 5.18 10.4 .081 9.88 15.8 .106 18.28 21.3 .154 
150 2.89 10.2 .044 6.39 15.4 .066 9.59 20.7 .075 
200 1. 80 10.1 .027 4.50 15.3 .046 6.90 20.6 .053 
250 1. 02 10.0 .015 2.82 15.0 .029 4.62 20.3 .035 
300 .73 10.0 .011 1. 93 15.0 .019 3.73 20.2 .028 
350 .33 10.0 .005 1. 43 15.0 .014 2.83 20.2 .021 
400 1. 24 15.0 .012 2.44 20.1 .018 
450 .95 15.0 .009 2.05 20.1 .015 
500 .65 15.0 .006 1. 55 20.0 .012 
550 .66 15.0 .006 1.56 20.0 .012 
600 .37 15.0 .004 1.27 20.0 .009 
650 1.27 20.0 .009 
700 1. 18 20.0 .009 
750 .88 20.0 .006 
800 .78 20.0 .006 
850 .69 20.0 .005 
900 .49 20.0 .004 
950 
1000 
TABLE IV 
COEFFICIENT OF FRICTION OF POLYESTER ON 
ALUMINUM WITH 145 DEGREE WRAP ANGLE 
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VELI T=1.11 lb/ln T=1.67 lb/ln T=2.22 lb/ln 
ITorq. T:2 Torq. T:z 
FPM lln-lb lb 1n-lb lb 1n-lb lb 
100 2.38 10.3 .039 6.78 15.6 .077 
150 1. 29 10.1 .021 2.99 15.2 .033 6.79 20.6 .057 
200 .60 10.1 .010 2.00 15.1 .022 3.80 20.1 .032 
250 .32 10.1 .005 1. 22 15.1 .013 3.02 20.1 .025 
300 .93 15.1 .010 2.13 20.1 ,1]17 
350 .53 15.1 .006 1. 83 20.0 .015 
400 .34 15.0 .004 1. 54 20.0 .013 
450 1. 35 20.0 .011 
500 1. 05 20.0 .009 
550 .96 20.0 .008 
600 .87 20.0 .007 
650 .67 20.0 .005 
700 .67 20.0 .005 
750 .58 20.0 .005 
800 
850 
900 
950 
1000 
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TABLE V 
COEFFICIENT OF FRICTION OF POLYPROPYLENE ON 
ALUMINUM WITH 180 DEGREE WRAP ANGLE 
YELl T=.83 lb/1n T=l. 11 lb/1n T=1. 39 lb/ln 
lTorq. T2 Jlh Torq. T2 J.h. Torq. T2 jJ ~. 
FPM l1n-lb lb 1n-lb lb in-lb lb 
100 3.98 15.2 .036 5.28 20.2 .036 7.88 25.5 .043 
150 2.09 15.0 .019 2.79 20.0 .019 4.09 25.3 .022 
200 1. 30 15.0 .011 2.00 20.0 .013 2.80 25.2 .. 015 
250 0.82 15.0 .007 1.12 20.0 .007 1. 92 25.0 .010 
300 0.33 15.0 .003 0.93 20.0 .006 1.43 25.0 .008 
350 0.53 20.0 .003 1.13 25.0 .006 
400 0.34 20.0 .002 0.84 25.0 .004 
450 0.65 25.0 .003 
500 0.55 25.0 .003 
550 0.46 25.0 .002 
600 0.37 25.0 .002 
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TABLE VI 
COEFFICIENT OF FRICTION OF POLYPROPYLENE ON 
ALUMINUM WITH 160 DEGREE WRAP ANGLE 
VEL I T=.83 lb/ln T= 1. 11 lb/1n T=1.39 lb/ln 
ITorq. T2 p .. Torq. T2 pk Torq. T2 }J~-< 
FPM 11n-lb lb 1n-lb lb 1n-lb lb 
100 3.88 15.2 .039 4.98 20.3 .038 7.98 25.4 .049 
150 1.79 15.0 .018 2.49 20.0 .019 4.09 25.2 .025 
200 0.80 15.0 .008 1. 40 20.0 .010 2.10 25.1 .012 
250 0.32 15.0 .003 0.82 20.0 .006 1.52 25.0 .009 
300 0.53 20.0 .004 0.93 25.0 .005 
350 0.23 20.0 .002 0.73 25.0 .004 
400 0.54 25.0 .003 
450 o. 35 25.0 .002 
500 
550 
600 
TABLE VII 
COEFFICIENT OF FRICTION OF POLYPROPYLENE ON 
ALUMINUM WITH 145 DEGREE WRAP ANGLE 
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VEL: T=.83 lb/1n I T=l. 11 lb/1n T=1.39 lb/in ' t 
:Torq. T:z p .... Torq. T:z ).1 .... Torq. T2 J.l•·· 
FPM: 1n-lb lb ln-lb lb 1n-lb lb 
100 2.78 15.0 .031 4.68 20.2 .039 4.98 25.3 .033 
150 1.29 15.0 .014 1. 99 20.1 .016 3.09 25.2 .020 
200 0.70 15.0 .008 1. 20 20.1 .010 2.10 25.1 .014 
250 0.32 15.0 .003 0.62 20.0 .005 1.22 25.0 .008 
300 0.33 20.0 .003 0.73 25.0 .005 
350 0.43 25.0 .003 
400 0.34 25.0 .002 
450 
500 
550 
600 
33 
TABLE VIII 
STANDARD DEVIATION AND MEAN OF REPEATABILITY 
MEASUREMENTS FOR ALUMINUM AND POLYESTER AT 
1. 67 LB/IN OF TENSION WITH A 180 
DEGREE WRAP ANGLE 
Coeff, of Fr1ct1on 
VEL 1 2 3 MEAN STD DEV 
150 .063 .065 .056 .0613 .0047 
200 .046 .049 .042 .0457 .0035 
250 .038 .033 .031 .0340 .0036 
300 .029 .024 .023 .0253 .0032 
350 .026 .017 .019 .0207 .0047 
400 .021 .014 .016 .0170 .0036 
450 .015 .011 .012 .0130 .0021 
500 .011 .007 .009 .0090 .0020 
550 .007 .005 .008 .0067 .0015 
TABLE IX 
COMPARISON OF COEFFICIENT OF FRICTION CALCULATED WITH 
AND WITHOUT THE BEARING TORQUE. VA.LUES OF POLYESTER 
ON ALUMINUM AT 2.22 LB/IN OF TENSION WITH A 180 
DEGREE WRAP ANGLE 
VEL Torque Coefficient of Friction 
W/0 With % Err W/0 With % Err 
100 19.2 19.28 0.41 0.143 0.144 0.69 
150 13.7 13.79 0.65 0.097 0.098 1.02 
200 10.5 10.60 0.94 0.073 0.074 1. 35 
250 7.6 7.72 1. 55 0.052 0.053 1. 89 
300 6.6 6.73 1.93 0.045 0.046 2.17 
350 5.3 5.43 2.39 0.036 0.037 2.70 
400 4.4 4.54 3.08 0.029 0.030 3.33 
450 3.7 3.85 3.90 0.025 0.026 3.85 
500 3.1 3.25 4.62 0.020 0.022 9.09 
550 2.9 3.06 5.23 0.019 0.020 5.00 
600 2.5 2.67 6.37 0.017 0.018 5.55 
650 2.1 2.27 7.49 0.014 0.015 6.67 
700 2.2 2.38 7.56 0.015 0.016 6. 25 
750 1.4 1. 58 11.39 0.009 0.010 10.00 
800 1.5 1. 68 10.71 0.010 0.011 9.09 
850 1.5 1. 69 11.24 0.010 0.011 9.09 
900 1.3 1. 49 12.75 0.009 0.010 10.00 
950 1.4 1. 59 11.95 0.009 0.010 10.00 
1000 1.1 1. 30 15.39 0.007 0.009 22.20 
TABLE X 
EFFECTS OF VARIABLES ON DYNAMIC COEFFICIENT OF FRICTION 
OF POLYESTER AND POLYPROPYLENE ON ALUMINUM 
Coefficient of Friction Polyester Polypropylene 
More sensitive to velocity 
changes at low veloc1t1es X X 
More sensitive to changes in 
tens1on at low velocities X X 
Increases with wrap angle X X 
Increases with an increase 1n 
tension X X 
Decreases with an increase 1n 
velocity X X 
35 
DYNAMIC COEFFICIENT OF FRICTION VS. WEB VELOCITY 
Wrap angle: 180 dagreea 
Roller: AL, 4.9 ln. dta., 18 ~ln. 
Web: Polyaster, .001 ln. thick, 9 ln. wldth 
'' Curve Tens tan 
G 9 Q L.ll Lb/ln of wldth 
9 :;; EJ L.67 Lb/ln of wtdth 
A = = 2.22 Lb/ln of wtdth 
. ' I 
_,,.._ '' ~-Ji:;:±r:: ~~--~ 
Figure 11. Coefficient of Friction vs. Velocity at a 180 
Degree Wrap Angle of Polyester on Aluminum 
J6 
LLl 
DYNAKIC COEFFICIENT OF FRICTION VS. WEB VELOCITY lt_~~-
==t 
Wrap angle: 160 degr•es 
Roller: AL, 4.9 tn. dta., 18 ~tn. surface roughness 
Web: Polyester, .001 tn. thlck., 9 ln. wtdth 
Curve Tension 
e.._-ee--e 1.11 Lb/ln of wtdth 
99--99--iJ 1.67 Lb/ln of wtdth 
2.22 Lb/tn of wtdth 
.:$ 
': ' . T~=-·~ 
~' ~~- -:-:--:: -~· .t.- ::· 
'"~r- · -:~~r~rr~::~ 
:"=f :::·.: :~::~:: :: 
; --- - .. 
-+-; _._. ___ .E=>1---:: ~- ---r=-- ~: j -: '· -· 
Figure 12. Coefficient of Friction vs. Velocity at a 160 
Degree Wrap Angle of Polyester on Aluminum 
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DYNAKIC COEFFICIENT OF FRICTION VS. WEB VELOCITY ~-. 
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±_ 
Wrap •nglel 145 degrees 
· · I ---, 
. ~=:± :~ 
Roller: AL, 4.9 tn. du., 18 )J1n. surface roughness:.: -=t=.::~-~ 
Web: Polyuter, .001 ln. thlck, 9 ln. w1dth f:.;t.~:-~ 
Curve Tension 
a 9 0 loll L.b/1n 
0 8 El 1.67 Lb/1n 
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Figure 13. Coefficient of Friction vs. Velocity at a 145 
Degree T.o(rap Angle of Polyester on Aluminum 
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Figure 14. 
DYNAKIC COEFFICIENT OF FRICTION VS. WEB VELOCITY 
Web Tenston: 2.22 Lb/1n of wtdth 
Roller: AL. 4.9 tn. dta., 18 ptn. surface roughness 
Web: Polyester •. 001 ln. thtck., 9 1n. wtdth 
Curve Wrap Angle 
9 9 0 145 degrees 
9 9 9 160 degree• 
~ Q, ~ 180 dec;ree• 
-Tr 
-. 
''-
~~:l~_;: 
li~t -~~-;:-
Coefficient of Friction vs. Velocity at 2.22 lb/in 
of Tension of Fblyester on Aluminum 
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DYNAKIC COEFFICIENT OF FRICTION VS. WEB VELOCITY 
Wab Tanelon: 1.67 Lb/ln of wldth 
Rollar: AL, 4.9 ln. dla., 18 ~ln. surfaca roughnass 
Wab: Polyastar, .001 ln. thlck, 9 ln. wldth 
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Figure 15. Coefficient of Friction vs. Velocity at 1.67 lb/in 
of Tension of Pblyester on Aluminum 
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Coefficient of Friction vs. Velocity at 1.11 lb/in 
of Tension of Pblyester on Aluminum 
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COiff!Cl!NT OF FRICTION VS; TENSION 
wrap anel•• 180 d•en•• '. 
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Figure 17. Coefficient of Friction vs. Tension 
at a 180 Degree Wrap Angle of 
Polyester on Aluminum 
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COIFfiCIINT OF FRICTION VS. TINSIOH 
wrap •nvl•• 160 4•vr••• 
'Kollar• Alo ~.9 ln. ella, 18 ~In 
awrfaae rouehn••• 
Wabo Polyaat•r• .001 Ln. thlc~ 
9 In· w1c:lth 
•' r: 
Figure 18. Coefficient of Friction vs. Tension 
at a 160 Degree Wrap Angle of 
Fblyester on Aluminum 
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· COIIFICIIMT or fRICTION YS. TENSION _ 
Wrap angle• 146 degreea 
Rollera il, 4,9 ln. dla, 18 ~In 
awrface ~owgbn••• 
· : IIebi Polyeater, .001 In• thlcll. 
9 ln. width 
Figure 19. Coefficient of Friction vs. Tension 
at a 14.5 Degree Wrap Angle of 
Polyester on Aluminum 
Figure 20. 
I , 
Coefficient of Friction vs. Velocity at a 
180 Degree Wrap Angle of Polypropylene 
on Aluminum 
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DYNAMIC COEFFICIENT OF FRICTION VS. WEB VELOCITY 
Wrap Angle: 145 degrees 
Roller: AL, 4.9 ln. dta., 18 ~tn. surface roughness, 
Web: Polypropylene. ·.00075 tn. thtck, 18 tn. width 
Curve 
:0 9 
• I 
I :· • 
I I I I 
I I 
Q 
• 
• 
'IT I I I! 
i 
/IJ[ l'f' ' 
''<. _} i 
..; 
A 
IV' 
Tens ton 
0.83 Lb/ln of width 
1. 11 Lb/tn of wtdth 
l. 39 Lb/tn of wtdth 
r· :--. 
I 1 
Coefficient of Friction vs. 
145 Degree Wrap Angle of 
on Aluminum 
Velocity at a 
Polypropylene 
7f' 
_} 
47 
Figure 23. 
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DYNAMIC COEFFICIENT OF FRICTION VS. WEB VELOCITY 
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Coefficient of Friction vs. Velocity at 1.11 lb/in 
of Tension of Polypropylene on Aluminum 
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CHAPTER IV 
CONCLUSIONS/RECOMMENDATIONS 
As stated in the results, the coefficient of friction is 
higher at greater wrap angles, greater web tensions. and 
lower velocities. But there were a few data points that seem 
out of place particularly at the lower velocities. A good 
example of this is in Figure 23, where the coefficient of 
friction at 100 fpm with a 180 wrap angle is less than the 
value with a 160 degree wrap angle. Most of the error at the 
lower velocities can be explained by the lack of accuracy in 
the velocity readings. The web and roller velocities were 
calibrated to read within one fpm, but due to the fluctuation 
in the ve loc 1 t y read 1ngs, the ve loc 1 t y could only be read 
w1thln 5 to 10 fpm. Therefore at lower velocities a 5 to 10 
fpm change in velocity was a greater percentage deere a se in 
the velocity than it was at higher velocities. So at lower 
velocities slippage was not detected right when it occurred, 
but so met 1 me afterward. Therefore more torque was applied 
than was needed to cause slippage. 
also causes the tensionCT2) to 
The higher torque reading 
be higher. At lower 
v e 1 o c 1 t i e s there i s a 1 so a greater i ncr e a s e i n to r que for 
each 5 fpm velocity decrease than at higher velocities. 
Therefore at lower velocities the coefficient of friction may 
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error slightly on the high side. A better means of measuring 
the roller and web velocities is needed for future 
measurements. A more accurate velocity reading would reduce 
the amount of judgment needed in deciding when the web starts 
to slip on the roller. 
The bearing torque did prove to be significant at higher 
velocities. Even though the bearing torque was measured with 
only the weight of the roller acting against the bearings and 
not with the force of the web adding to the resultant radial 
force, the va 1 ue s found for the bearing torque are 
reasonable. The bearing torque is a larger percentage of the 
total torque at higher velocities than at lower velocities 
because the bearing torque increases as velocity increases 
and the slip torque decreases as velocity increases. Even 
though the torque can be corrected by adding on the bearing 
torque, a better a 1 terna t i ve would be to reduce the bearing 
friction of the braked roll. Replacing the ball bearings 
with gas bearings would improve the measurement accuracy at 
high velocities and eliminate any concern about the bearing 
torque. 
Since Daly[2] showed that the traction between a web and 
roller increases as wrap angle increases, the coefficient of 
friction was expected to be higher at the greater wrap 
angles, as was found in the results of this study. Daly 
explained that a larger wrap angle allowed more time for the 
air to leak out thereby reducing the floating of the web. 
But it is not known how much of the increase in the 
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coefficient of friction is caused by the air leakage or by 
some other factor. One factor could be the dependency of the 
coefficient of friction on contact area. The coefficient of 
friction is usually considered to be independent of the 
contact area under moderate pressures, but with the inclusion 
of an air film the coefficient of friction becomes 
dependent on the contact area. Therefore part of the 
increase in the coefficient of friction may be due to the 
dependency on cont-act area between the roller and web. The 
size of the contact area is changed with different wrap 
angles, web widths, and roller diameters. Even though the 
coefficient of friction can be measured without betng 
concerned w1 th the dependency of the contact area. 1 t would 
be interesting to know how much of an effect it does have on 
the friction. The coefficient of friction needs to be 
measured with various web widths, roller diameters, and more 
wrap angles for future measurements. 
No conclusions can be made in comparing the coefficient 
of frtctton between polypropylene and polyester. The 
polypropylene is twice as wide and has less tension per unlt 
width than the polyester. It would be useful to know whether 
the wrap angle at a given tension has more of an effect on 
the polyester than on the polypropylene. The comparison of 
webs with everything else being equal needs to be studied to 
show any difference between the coe ff i c tent of friction of 
various webs. 
The web-handling machine needs to be modified t.o 
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increase the web velocity to at least 8000 fpm, so that the 
coefficient of friction for paper can be determined. An 
improved non-slip drive roll also needs to be installed. so 
that higher coefficients of friction, as was the case with a 
cork covered test roller, can be measured. A brake that is 
capable of smaller torques 
coefficient of friction 
is also necessary for very small 
readings which occur at high 
velocities. The smaller values would come closer to showing 
the point where the web starts slipping over the roller on 
its own. The addition of force transducers to mea sure the 
upstream web tensionCT1) would also give a better feeling of 
what the web tensions are doing. The additional tension 
measurement would also provide a check on the torque reading. 
LITERATURE CITED 
1. Condon, E.M. "How Drag Load Affects Slip And Creep 
and What To Do About It." Pulp and Paper, Dec. 
1975, pp. 120-122. 
2. Daly, D.A. "Factors Controlling Traction Between 
Webs and Their Carrying Rolls." TAPPI, Sept. 
1965, pp. 38-41. 
3. "Friction." Mechanical Engineerina Science, London: 
McGraw-Hill, 1969, pp. 135-139. 
4. Fuller, Dudley D. "Friction." Standard Handbook. for 
Mechanical Engineers, New York.: McGraw-Hill, 
1967, pp. 34-37. 
5. Gallahue, William M. 
Paper Industry." 
1965, PP• 38-41. 
"Web Guiding and Control in the 
Pacer Trade Journal, 29 March 
6. Reynolds, Osborne. "On the Efficiency of Belts or 
Straps as Communicators of Work." The Engineer, 
Nov. 1874, p. 396. 
7. Schenck. Jr., Hilbert. Case Studies in Experimental 
Engineering: A Programmed Approach, New York.: 
McGraw-Hill, 1970, pp. 43-45. 
8. Shigley and Mitchell. Mechanical Ena1neerina Design, 
New York: McGraw-Hill, 1983, pp. 731-732. 
9. "Standard Test Method for Kinetic Coefficient of 
Friction of Plastic Solids and Sheeting." ASTM, 
1984. 
10. "Standard Test Method for Static and Kinetic 
Coefficients of Friction of Plastic Film and 
Sheeting." ASTM, 1984. 
59 
VITA 
Keith Stuart Ducotey 
Candidate for the Degree of 
Master of Science 
Thesis: DYNAMIC COEFFICIENT OF 
EFFECTS OF AIR ENTRAINMENT 
FRICTION INCLUDING THE 
BETWEEN A ROLLER AND WEB 
Major Field: Mechanical Engineering 
Biographical: 
Personal Data: Born in Pawhuska, Oklahoma on August 25, 
1959. 
Education: Graduated from Shidler High School, Shidler, 
Oklahoma, in May, 1978; received Bachelor of 
Science Degree in Engineering Technology from 
Oklahoma State University in May, 1983; received 
Bachelor of Science Degree in Mechanical 
Engineering from Oklahoma State University in May, 
1986; completed requirements for the · Master of 
Science Degree at Oklahoma State University in 
December, 1987. 
Organizations: Society of Mechanical 
Society of Automat i ve Engineers, 
Mechanical Engineers. 
Technicians, 
Society of 
Professional Experience: Teaching Assistant and 
Research Assistant in the Meehan leal Engineering 
Department from August, 1986 through July, 1987. 
